Submitted as an article for Limnology and Oceanography

January 17, 1996

The effect of nitrogen limitation on the absorption and scattering properties of the marine

diatom Thalassiosira pseudonana

Rick A. Reynolds, Dariusz Stramski, and Dale A. Kiefer
Department of Biological Sciences
University of Southern California

Los Angeles, CA 90089-0371 USA
Telephone: (213) 740-5813
e-mail: rick@physicsl.usc.edu

A ¥ g Bded

Bpprovea tor pucyc releasel

] STATTMENT R l
Disreounos Unsmsted 4

Suggested running head: N-limited optical properties

19970515 123

;R e R B . 3
Rt o iy 4 "

e AT A YOG T Y : ‘

AR IR S G LN Rea el 2




Acknowledgments

This study was supported by grants from the Environmental Optics Program of the Office of
Naval Research (N00014-95-1-0491), the Ocean Biogeochemistry Program of NASA (NAGW-
3574), and a Department of Defense AASERT grant (N0O0O14-93-1-0680). The carbon and

nitrogen analysis was performed at the MSI analytical laboratory at the University of California,

Santa Barbara.



Abstract

Optical properties of the marine diatom Thalassiosira pseudonana were examined in nitrate-
limited semicontinuous cultures at four rates of growth. Two experiments were conducted at
each growth rate in which sampling of the culture was done at either the dark-to-light (D-L) or
light-to-dark (L-D) transition of a 12 h photoperiod. Optical cross-sections and efficiency factors
for absorption, scattering, and attenuation were calculated from measurements of the spectral
absorption and beam attenuation coefficients, cell concentration, and the size distribution of cells
in suspension. The refractive index of cells was calculated from this data using an inverse
method. Nitrogen limitation strongly influences the optical properties of this species.
Absorption cross-sections increased more than twofold with increasing growth rate,
‘predominantly caused by increases in the imaginary part of the refractive index, n'. Variability in
n' was strongly correlated with intracellular chlorophyll a concentration. In contrast to
absorption, scattering cross-sections were not a strong function of growth rate but exhibited
significant differences between D-L and L-D experiments at any given growth rate. Variability
in the real part of the refractive index was correlated with intracellular carbon concentration. The
chlorophyll a-specific absorption coefficient decreased with increasing growth rate in response to
decreases in the carotenoid to chlorophyll a ratio and increased pigment packaging. The
chlorophyll a-specific scattering coefficient also decreased with increasing growth rate, and was
correlated with the cellular carbon to chlorophyll a ratio. Our results suggest that the optical
properties of phytoplankton populations in nitrogen-limited surface waters may be significantly

altered from those in deeper portions of the water column.




Introduction

Advances in optical instrumentation, combined with improved modeling of radiative transfer
in the ocean, allow the optical properties of seawater to be monitored over a broad range of
spatial and temporal scales. For most oceanic waters, variability in the inherent optical
properties of seawater can be attributed to suspended biogenic particles and associated dissolved
materials. This link between the optical properties of seawater and the planktonic microbial
community dictates that biological processes be included into models of radiative transfer within
the ocean, and provides an opportunity to extract biological information from measurements of
optical variability using appropriate inversion models.

Two of the inherent optical properties of seawater are the spectral absorption, a(A), and
's-cattering, b(A), coefficients (see list of notation for all significant symbols and units).
Phytoplankton are one constituent of the marine planktonic community which exeit a strong
influence on the absorption and scattering properties of seawater (e.g. Smith and Baker 1978,
Morel 1988). An understanding of the optical properties of phytoplankton cells, and how they
vary in the natural environment, is prerequisite to the interpretation of optical variability in the
sea and to the bio-optical modeling of primary production. Variability in cellular optical
properties is also of direct interest to the analysis of light scattering and fluorescence by single
particles. Techniques which permit the analysis of individual cells, such as flow cytometry, are
being increasingly used to study natural planktonic communities (Olson et al. 1991).

Itis of particular interest to study phytoplankton growing under conditions which approximate
the near surface layers of the upper ocean, as this portion of the water column contributes the
dominant part of the signal viewed by instrument platforms mounted on satellites or aircraft. In
large regions of the open ocean, surface waters are often characterized by relatively high levels
of irradiance and low concentrations of inorganic nutrients such as nitrogen. Bio-optical
relationships in this portion of the water column often deviate from those observed in the lower
strata of the euphotic zone, although the causes for these changes are poorly understood (Cullen

and Lewis 1995).
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Cell size and refractive index are the predominant factors influencing the absorption and
scattering properties of algal cells. The refractive index is closely coupled to the biochemical
composition and metabolism of cell material. It is widely recognized that cell size, shape, and
chemical composition of phytoplankton can change in response to the ambient conditions for
growth. Although several studies have examined variability in phytoplankton biochemical
composition and physiological processes in response to limitation of growth by nitrogen, only a
few of these studies have provided measurements of phytoplankton optical properties (Kiefer et
al. 1979, Cleveland and Perry 1987, Herzig and Falkowski 1989, Chalup and Laws 1990, Sosik
and Mitchell 1991). Furthermore, with the exception of the Kiefer et al. study, these
mvesugauons have focused solely on the absorption process. To our knowledge, a detailed
description of the effect of nitrogen limitation on both the absorption and scattering properues of
a phytoplankton species is lacking.

The purpose of this study was to examine how limitation of growth by nitrogen influences the
optical properties of the marine diatom Thalassiosira pseudonana. Our approach was to
examine nitrogen-limited laboratory cultures at four rates of steady state growth. Measurements
of the spectral absorption and beam attenuation coefficients, cell concentratibn, and cell size
distribution in suspension were used to calculate optical cross-sections and efficiency factors at
the level of a single cell. The bulk refractive index of cells was derived from this data with an
inverse modeling procedure. Measurements of particulate carbon and photosynthetic pigments in
suspension were used to determine how specific absorption and scattering coefficients vary in
response to nitrogen limitation, and to examine relationships between cell composition and

optical properties.

Materials and methods
Experimental design - The centric diatom, Thalassiosira pseudonana (Hustedt) Hasle et
Heimdal, was obtained from the Bigelow Laboratory Culture Collection (clone 3H). This neritic

species is similar in size to many eukaryotic oceanic nanophytoplankton, and is capable of
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sustaining rapid growth rates in culture. Semicontinuous cultures, in which the growth rate of
the population is determined by the supply of inorganic nitrogen, were grown at four rates of
dilution éorresponding to nitrogen-specific growth rates of 0.22, 0.51, 0.81,and 1.324d-1.
Measurements were perfbrmed when the cultures had acclimated to the experimental conditions
and steady state growth of the population had been established.

There is strong evidence that several characteristics of phytoplankton cells exhibit
considerable variability over a diel cycle (e.g. Sournia 1974, Prézelin 1992). In a previous study
with this species under nutrient replete conditions, we observed consistent increases in optical
cross-sections for both absorption and scattering over the illuminated portion of the day, with
minima occurring at the beginning and maxima near the end of the light period (Stramski and

| Reynolds 1993). To examine the potential range in optical cross-sections over a light-dark cycle
in irradiance, two independent experiments were conducted at each single growthrate. In one
experiment, sampling and subsequent dilution of the culture were done at the dark-to-light
transition (D-L); in a second experiment, sampling and dilution were done at the light-to-dark

transition (L-D).

Culturing procedures and sampling - The experimental culture vessel consisted of a water-
jacketed 2-liter glass cylinder connected to a circulating water bath. A temperature of 20 °C (*
0.1 °C) within the culture was maintained for all experiments. Cells were kept in suspension by
a combination of continuous stirring and bubbling with water-saturated, sterile-filtered air. Cell
growth on the walls of the culture vessel was not observed in any of the experiments.

Growth irradiance was provided by fluorescent lights (Sylvania "cool white") radially loca@
around the culture vessel. Photosynthetically available scalar irradiance (400-700 nm), measured
with a quantum irradiance meter (QSL-100, Biospherical Instr.), was 345 umol quanta m-2 s-! at
the center of the vessel and varied less than 12% throughout the culture. The cultures were
maintained on a 12:12 light-dark photoperiod, yielding a daily integrated irradiance of 14.9 mol

mr2. This level of irradiance is similar to that commonly observed in the upper portions of the
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euphotic zone (e.g. Jerlov 1976), and is sufficient to saturate growth for this species (Thompson
etal. 1991).

The growth medium consisted of the artificial seawater ASPM (MacLachlan 1964) enriched,
except for nitrogen, with the nutrient formulation £/2 (Guillard and Ryther 1962). Inorganic
nitrogen, supplied as NO3", was provided at a nominal concentration of 40 uM in the medium.
Nutrient enrichments were added by sterile filtration after autoclaving of the basal medium to
prevent losses or degradation. Cultures were diluted once daily with fresh media via a peristaltic
pump equipped with an in-line 0.2 um sterile filter (MediaKap-5, Microgon). Dilutions, which
required approximately 1 h to complete, were done immediately after sampling to minimize the

possibility of so-called "dilution effects" on measurements of cellular optical properties made on
| the following day (Ackleson et al. 1988). Measurements of i Inorganic nutrient concentrations in
samples removed from the vessel confirmed that nitrogen was depleted in the culture (< 1 uM)
after a 24 h period.

The beam attenuation coefficient of the culture (described below) was monitored daily before
dilution, and cultures were considered to be in steady state when this parameter varied by less
than 5% over a period of 7 to 12 days. At this time measurements began and were repeated on
the culture over a period of 3 to 4 successive days. The data obtained from each individual day
were analyzed independently and subsequently averaged over all days; unless noted otherwise
our results are reported as the mean value obtained for each experiment with the coefficient of
variation (C.V. = SD/mean) in percent describing the reproducibility among individual days.

As a precaution, all samples used in optical and biological measurements were prefiltered with
10 pm Nitex mesh to remove aggregates. Microscopic examination of non-prefiltered samples
indicated that cells present in aggregates comprised a small percentage of the total cell

population in each experiment (< 5%).

Cell enumeration, growth rates, and size distributions - To determine cell concentration

(number per unit volume) in the cultures, 9-ml subsamples were preserved with 0.2 um filtered
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formaldehyde buffered in seawater (0.2% v/v final concentration) and stored in the dark at 4 °C.
All samples were analyzed within 2 weeks of the experiment. Cell concentration was determined
by microscopic counts (100x magnification) in a Bright-Line hematocytometer with improved
Neubauer ruling (Reichert). A minimum of 3000 cells were counted for each individual sample,
the precision of these measurements was usually better than 12%.

Additional samples which were not prefiltered with Nitex were taken at both the time of
sampling and immediately after dilution with fresh media to estimate rates of population growth
from daily changes in culture biomass. Because nitrogen was assumed to be limiting, daily
changes in particulate nitrogen were chosen as the most appropriate measure of population

growth. Nitrogen-specific growth rates were calculated as

1
HN = = In(Ni/No) , )

where N, is the concentration of particulate nitrogen in the culture after dilution and Nt is the
concentration at the time of sampling on the following day (before dilution). Ny was calculated
using the cell concentration measured after dilution and the nitrogen content per cell measured
immediately before dilution. Similar estimates of specific growth rates were also calculated for
other measures of biomass such as particulate carbon and chlorophyll a.

The size distribution of cells in suspension was measured at the time of sampling with a
Coulter couﬁter model ZBI equipped with a 50 pm orifice and coupled to a C-1000 Channelyzer.
The instrument was calibrated with both 3 and 5 Hm latex microspheres (Coulter Instr.), with
filtered media (0.22 pm, filtered 5x) used as the diluent and as the blank. Replicate
measurements of the cell size distribution were made on each sample at two instrument
sensitivities and the results combined to yield the relative size distribution. A minimum of 10
cells were sized for each sample.

No attempt was made to directly determine cell concentration with the Coulter counter,

instead the relative number of cells in each size class was scaled so that the integrated count was



Reynolds et al.

equal to the concentration of cells determined from microscopic counts. The resulting size
distribution, F(D) dD, represents the number of cells per unit volume with equivalent spherical
diameter between D and D+dD. In all calculations we thus assume that the cells are spherical in
shape, a reasonable approximation for this species. The volume of a "mean"” cell, V,
characterizing the population was derived by integration of the size distribution between the

minimum and maximum diameter of the population (Dpy; and Dy, respectively).
-1
T _ E D max 3 Dmax
V = - ij D’F(D)dD [ ij F(D)dD] )

The geometrical projected area of a mean cell, G, and the corresponding mean diameter, D

]

-were also calculated (see Egs. 1 and 2 of Stramski and Reynolds 1993).

Photosynthetic pigments, carbon, and nitrogen determinations - Duplicate samp;les for the
determination of photosynthetic pigments were filtered onto glass fiber filters (Whatman GF/F),
homogenized in 90% acetone with a teflon tissue grinder, and extracted 24 h at 4 °C. The
extracts were clarified by centrifugation and the concentrations of chlorophylls g and ¢
determined spectrophotometrically using the equations of Jeffrey and Humphrey (1975).
Concentrations of total carotenoid pigments were estimated from the extracts following the
procedure described in Parsons et al. (1984).

Samples for particulate organic carbon, C, and nitrogen, N, were filtered onto precombusted
GF/F filters, flash frozen in liquid nitrogen, and stored at -80 °C until analysis. C and N content
of the filters was measured by a standard dry combustion technique with a Leeman Labs model
CE 440 analyzer.

Cell quotas for carbon, nitrogen, and pigmentation were calculated by normalizing the
respective concentration in suspension to the cell concentration. Intracellular concentrations of

carbon, Cj, and chlorophyll a , Chl a;, were determined by dividing the mean cell quotas by the
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mean cell volume. Emphasis is placed on intracellular concentrations as they are the most

appropriate to the interpretation of cell optical properties.

Measurement of optical properties - The general procedures for our optical measurements are
described in Stramski and Reynolds (1993) and are briefly reviewed here. The spectral
absorption, a(A), and beam attenuation, c(A), coefficients of the culture were measured in 1-cm
quartz cuvettes with a dual beam spectrophotometer (Uvikon 860, Kontron). Measurements
were made in the spectral region 350 to 750 nm at 1-nm resolution, with filtered media from the
culture (0.2 um syringe filter, Nalgene) used to determine nstrument baseline and as the
reference. The suspensions were optically thin which ensured that multiple photon-particle

-i-nteractions were negligible (e.g. Morel and Bricaud 1986). Triplicate scans were obtained for
each sample and corrected for baseline. Individual scans were smoothed twice with a 5-nm
moving average, and then averaged to produce the final spectrum. Reproducibility of the three
scans at visible light wavelengths was better than 4% for both a(A) and c()).

Absorption was measured by placing the cuvettes at the entrance to an integrating sphere with
an effective half-angle of acceptance of ~45°. To correct for scattering losses, we assumed that
this species exhibits no absorption at 750 nm (see Stramski and Reynolds 1993), and spectra
were adjusted accordingly with a A-independent correction. In contrast to absorption, beam
attenuation measurements were made with a modified geometric configuration of the instrument
which reduced the acceptance angle of the detector to <1°. The spectral scattering coefficient,

b(A), was calculated as the difference between c(A) and a()).

Computation of optical cross-sections, efficiency factors, and refractive index - In general, the
optical properties of a seawater suspension result from the sum of the contributions by the
individual constituents present in the suspension. These constituents include the seawater itself,
dissolved substances, and particulate material which includes living as well as non-living

particles. In the present experiment, filtered media from the culture was used as the reference
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and the cultures were visually free of detritus, thus we attribute the measured optical signal
entirely to the algal cells present in the suspension.

The experimental data were used to calculate the optical properties of T. pseudonana at the
level of a single cell. Optical cross-sections for absorption, G ,(A), scattering, G (), and
attenuation, ¢ ¢(A), were calculated by normalizing the respective bulk optical coefficient (a, b,
or ¢) to the cell concentration. Some variability in optical cross-sections between individual
algal cells is expected, and thus the bar above the symbol indicates that this quantity represents a
hypothetical "mean" cell derived from the actual polydispersed population. The dimensionless
efficiency factors for absorption, Q,(A), scattering, Q(A), and attenuation, Q (), of the mean
cell were calculated as the ratio of the respective optical cross-section to the cell projected area

G.

The optical efficiency factors (and thus the cross-sections) depend upon both the cell size and
complex index of refraction, m(A) = n(A) - in'(A), where n and n’ represent the relative real and
imaginary parts respectively. Utilizing an inverse method, the experimental measurements of

- cell size distribution and optical efficiency factors were used to calculate the refractive index of
the cells relative to seawater. In this calculation, the theoretical estimates of 6 a(A) and ac(l)
are varied iteratively at each wavelength A as a function of a single variable, n’' and n
respectively, until these estimates match their experimental counterparts (Bricaud and Morel
1986, Stramski et al. 1988). The theoretical formulation for Q, (Duysens 1956, van de Hulst
1957) and Mie calculations for Q. (Bohren and Huffman 1983) representing homogeneous
spherical particles were used. Values for n’ were derived first, and were included as additional
inputs to the Mie calculations for determining n.

Chlorophyll a- and carbon-specific optical coefficients were calculated by normalizing a(A),

b(A), and c()) to the concentrations of Chl a and C within the suspension.
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Results

Biomass, growth rates, and cell size - Cell concentration in the cultures at steady state
decreased twofold with increasing rates of growth, although total particulate nitro gen was
independent of growth rate (not shown). Specific growth rates determined from daily changes in
particulate nitrogen (uy , Eq. 1) varied from 0.22 to 1.32 d-1 (Table 1), and were identical to
rates predicted from dilution with fresh media. Similar results were obtained for growth rates
calculated from changes in C and Chl a within the culture. Steady state growth could not be
maintained for growth rates exceeding 1.32 d-1,

Fig. | illustrates changes in the cell size distribution with growth rate. The largest mean cell
size was observed at the fastest py, but no apparent trend was observed over the range of slower
érowth rates. The mean cell volume based on all eight experiments was 63 um3, and varied
*15% from this value (Table 1). Most of this variation was associated with differénces between
D-L and L-D experiments at a single growth rate; mean cell size was larger in the L-D transition
experiments with the exception of the fastest HN. This increase was accompanied by an increase
" in the modal diameter of the population, as well as a tendency for the size distributions to be
broader at this time. The cell projected area G averaged 18.7 um?2 for all experiments and

ranged from 17.0 to 20.5 um?2.

Cell composition and pigmentation - Changes in mean cell elemental composition and
pigmentation with growth rate are listed in Table 1. Because changes in cell volume were small
over the range of growth rates, normalization of cellular constituents (e.g. carbon, chlorophyll a)
to cell volume yields similar trends as normalization to cell concentration. Intracellular carbon
concentration C; in all L-D transition experiments averaged 189 kg m-3 (C.V.=2.1%) and varied
little with growth rate. In contrast, C; in the D-L transition experiments decreased regularly with
increasing [N. As a result, the range in Cj between experiments at a given growth rate increased

with increasing growth rate.
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The ratio of cellular carbon to nitrogen, C:N, increased with nitrogen limitation (Table 1),
consistent with previous studies of this species (Caperon and Meyer 1972, Eppley and Renger
1974) and with studies of other phytoplankton taxa (e.g. Herzig and Falkowski 1989, Chalup and
Laws 1990, Sosik and Mitchell 1991). With the exception of the slowest UN, C:N ratios were
significantly higher in the L-D transition experiments. This divergence between the D-L, and L-
D transition experiments increased with increasing Ly; at the fastest growth rate C:N was 2.7-
fold higher in the L-D experiment than in the D-L experiment. This pattern is consistent with the
diel trend observed in nutrient replete T. pseudonana by Stramski and Reynolds (1993), in which
C:N values systematically increased over the illuminated portion of day. Measured values of
C:N in the present study approached the Redfield ratio only at the fastest growth rate in the D-L
transition experiment.

Intracellular concentrations of chlorophyll a, Chl a;, and carotenoids, Carj, both increased with
growth rate (Table 1), a common feature of nitrogen-limited growth in phytoplankton. Chl a;
increased by 209% over the range of py studied, with no significant difference observed between
D-L and L-D experiments. The corresponding increase in carotenoid pigments with growth rate
was smaller relative to increases in Chl a, resulting in a 50% decrease in the Car:Chl a ratio.
Car:Chl a ratios were consistently higher in the L-D transition experiments. In contrast to the
Car:Chl a ratio, variations in the chlorophyll ¢: a ratio with growth rate were small (data not
shown).

The ratio of cell carbon to chlorophyll @, C:Chl a, was strongly correlated with growth rate.
Mean values for the C:Chl a ratio ranged from 28 to 170 g/g, with the highest values
corresponding to the slowest growing cells. Ata single y , C:Chl a ratios were always higher

for experiments in which sampling occurred at the L-D transition.

Refractive index - The imaginary part of the refractive index, n'(A), increased systematically
with increasing py with no significant difference between the D-L and L-D transition

experiments (Fig. 2A). This figure illustrates changes in n’ for the blue (A=436 nm) and red

10
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(A=673 nm) absorption bands of Chl a in vivo. The largest increases occurred within the red
absorption band, where n' increased more than twofold over the range of UN studied. Similar
trends in n' were observed in other portions of the visible spectrum, including regions of weak
absorption.

The real part of the refractive index, n()), as a function of growth rate is shown in Fig. 2B.
We have chosen to present data for A=660 nm, as this spectral region is routinely used to
measure beam attenuation in the ocean. Values for n(660) varied from 1.024 to 1.039, within the
range of commonly reported values for marine diatoms (Bricaud et al. 1988). For L-D transition
experiments, n(660) was independent of KN and averaged 1.037 (C.V. = 0.1%). Values for

n(660) were consistently lower for the D-L transition experiments, and decreased systematically

with | increasing growth rate. Because of this behavior, larger variability in n between

experiments is observed with increasing HN- At the fastest py , the refractive increment (n-1) for

the D-L experiment was 35% lower than in the L-D experiment.

Absorption and scattering cross-sections - Both the magnitude and spectral shape of
absorption cross-sections were strongly influenced by nitrogen limitation. Spectral absorption
curves exhibited peaks characteristic of chlorophylls a and ¢ and carotenoids (Fig. 3A). Slowly
growing cells exhibited the smallest values for G 4(A), with values increasing regularly with
increasing py (Fig. 3B). In the red absorption band of Chl a, G, increased 2.7-fold with
increasing growth rate. Increases in blue absorption with growth rate were smaller, resulting in a
26% decrease in the blue to red absorption ratio. With the exception of the fastest growth rate,

G 3 values were larger in the L-D transition experiments .

The shape of spectral scattering was weakly A-dependent for the D-L transition experiments
(Fig. 4A), and exhibited broad maxima in the spectral bands corresponding to weak absorption
(~550 nm). In contrast, Gy(A) in L-D transition experiments displayed a positive slope with
increasing wavelength, with maxima shifted towards the red spectral region. In addition to these

general patterns, scattering cross-sections had major spectral features associated with the
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absorption bands of Chl a which became more pronounced at faster growth rates (i.e. higher Chl
aj)

The observed changes in the spectral shape of scattering lead to a A-dependence in the
relationship between G, and growth rate. Large variability in G, between experiments is
observed in the green to red spectral region, this variability is reduced towards shorter light
wavelengths. For the L-D transition experiments, Gp (660) was weakly dependent on iy ( Fig.
4B), and this pattern was similar for all A>550 nm. In the blue spectral region, however, Oh
decreased approximately 15% with increases in growth rate. In contrast to the L-D experiments,
G (M) for the D-L transition experiments declined with increasing Wy at all visible light
wavelengths, with the largest decreases occurring in the red spectral region (Fig. 4B).

 Asin most algal cells, scattering dominates the attenuation process in T. pseudonana.
Scattering-to-absorption ratios (b:a) were strongly influenced by growth rate, incréasing more
than twofold with decreases in UN - The largest variability occurred within the red (673 nm)
absorption bands of Chl a, where the average b:a ratio increased threefold over the range of
growth rates (Fig. 5). This trend was observed consistently in all other light wavelengths,

including spectral areas of weak absorption (e.g. A=550 nm).

Specific optical properties - In contrast to G a, absorption coefficients normalized to Ch] a,
aem, declined with increasing growth rate with only small differences observed between
experiments at.a single py (Fig. 6A). In the blue absorption band of Chl a, the average aEh,
obtained for py =0.22 d-! was 0.045 m?2 (mg Chl a)! and decreased by 43% with increasing
growth rate. In the red absorption band of Chl a, agy averaged 0.0204 m2 (mg Chl a)-! for puy =
0.22 d'! and decreased by 23% with increasing growth rate.

Chl a-specific scattering, béh], was also strongly influenced by growth rate (Fig. 6B). For
most light wavelengths, b::hl was larger in the L-D transition experiments. At A=660, bEm

increased more than threefold with decreases in growth rate. This pattern was essentially

12




Reynolds et al.

identical for all wavelengths. Similar results were observed for Chl a-specific attenuation (not
shown).

In the previous study of T pseudonana we observed that diel changes in carbon-specific
attenuation were considerably smaller than changes in cross-sections on a per cell basis
(Stramski and Reynolds 1993). The measurements in the present study suggest that carbon-
specific attenuation (and scattering) is also independent of nitrogen-limited growth rate with this
species. The average value obtained for the C-specific attenuation coefficent (A=660 nm) in the
present experiments was 3.47 m2 (g C)! with small variations about this value (C.V.=47%),

which agrees to within 10% of the mean value reported in our earlier study.

Discussion

We are confident that our results reflect changes in cellular composition and opffcal properties
in response to limitation of growth by nitrogen. The biological responses to nitrogen limitation
observed in our experiments are consistent with previous studies of this species (Caperon and
Meyer 1972, Eppley and Renger 1974), and measured specific growth rates (based on N, C, and
Chl a) were identical to those predicted from dilution. No significant differences were observed
in these rates between D-L and L-D transition experiments, indicating that the time of dilution
had no effect on the net specific growth rates of the cultures.

The patterns observed between D-L and L-D transition experiments at a single growth rate
are generally consistent with the previous study of diel variability in this species (Stramski and
Reynolds 1993). However, because of our experimental design we caution against a simple
interpretation of these features solely as responses to a diel cycle in irradiance. The variability
observed between experiments at a single growth rate is potentially influenced by several
features of phytoplankton growth; these include trus diel patterns initiated by a day-night cycle,
circadian rhythms driven by biological clocks, or the point in the population growth cycle at
which measurements are made. Some variability may also result from physiological responses to

dilution at different portions of the photoperiod. We consider it likely that some portion of the

13




Reynolds et al.

variability observed between D-L and L-D experiments (within a given growth rate) reflects

differences in the point of the cell division cycle in which measurements were made. Without

more detailed temporal information on population division rates, we can only interpret |
differences in experiments at a single growth rate as a potential range in the measured
characteristics; actual diel variability may be greater or smaller than observed with our

experimental design.

Variability in optical cross-sections with nitrogen limitation - Our results Clearly indicate that

absorption cross-sections are strongly influenced by nitrogen limitation of growth. We observed
greater than twofold decreases in G ,(A) with decreasing i, consistent with the common

| berception that nitrogen limitation limits the light harvesting capability of algal cells. Variability
in the optical cross-sections can be interpreted in regards to changes in both cell size and

refractive index through the general relationship

50 =G Q) (3)
in which j is introduced to represent either a, b, or ¢. The effect of cell size on G j 1s twofold;
directly through G and indirectly through the efficiency factor 61-. 61- is further influenced by
changes in the refractive index (specifically the imaginary part in the case of absorption
efficiency). Using an analysis similar to that outlined in Stramski et al. (1995), we assessed the
relative importance of changes in cell size and the imaginary part of the refractive index, n’, to
the observed changes in G, over the range of growth rates. For example, as U increased from
0.22 to 1.32 d"! we observed a 172% increase in G ,(673). The results of our calculations
suggest that variability in n’ was the primary factor contributing to this increase, sufficient to
explain 75% of the observed increase in G a- The remaining 25% of this increase could be

attributed to increased cell size, both directly through G and indirectly through _Q-a. However,

changes in cell size were more important in contributing to variability between D-L and L-D

14
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experiments at a given growth rate, as differences in n’ between experiments at a single py were
small.

In contrast to absorption, our results suggest that scattering cross-sections are not a strong
function of nitrogen-limited growth rate for this species. However, at any given Ly there was a
significant difference in Gy(A) between D-L and L-D experiments, with the highest variability
occurring in the green to red portions of the spectrum. The observed changes in the spectral
shape of scattering are explained by the general oscillatory pattern of the Qb vs. p relationship,
where §= 2nD nw(n-1)/A (ny is the refractive index of seawater, assumed to be a real number).
The behavior of this function is described in detail elsewhere (van de Hulst 1956). The range of
5 calculated for this species indicate that values of ab are near the first maximum of this
fheoretical curve. The combination of higher values for D and n(A) in the L-D transition
experiments result in E values such that most of the spectrum resides on the descending slope
(past the first maximum) of the Qp( 5) function; thus Qp, (and G) increases with A throughout
most of the spectrum. In contrast, lower values for p in the D-L transition experiments result in

a maximum Qp, near A=550 nm, with Qp then declining with A at longer wavelengths.

Variability in the refractive index - Our results imply that variability in the refractive index
contributes significantly to changes in the optical cross-sections of this species. The refractive
index of phytoplankton cells is predominantly governed by the intracellular concentrations of
organic materials and water (Aas 1981), thus variability in the refractive index arises from
changes in cellular biochemical composition and metabolism resulting from acclimation to
ambient environmental conditions. Because of the large range in cellular composition observed
in this study, it is of interest to examine the relationships between the refractive index and major
biochemical constituents of the cell.

The imaginary part of the refractive index, n’, is proportional to the absorption coefficient of
cellular material and thus strongly dependent upon cellular pigmentation. In the red absorption

band of Chl a the contribution of other pigments to absorption is negligible, and n'(673) can be
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directly related to Chl a;j (Stramski and Reynolds 1993, Stramski et al. 1995). A strong linear
correlation between n'(673) and the intracellular concentration of Chl a was observed in this
study (Fig. 7A). The intercept of this relationship is close to zero, verifying that cellular
compounds other than Chl a have little influence on absorption in this spectral region. The slope
parameter indicates that n'(673) increases, on average, 0.00065 in response to a | kg m-3 rise in
the intracellular concentration of Chl a. This value is 23% lower than that obtained in a similar
calculation by Stramski and Reynolds (1993) for the same species under nutrient replete
conditions. This difference may result, in part, from the large scatter in data evident in the
previous study, as well as some methodological differences between the two studies.

The real part of the refractive index is dependent primarily upon the cell volume occupied by

-sohd materials and water. Diatoms often have a large proportion of cell volume occupied by
vacuoles (Werner 1977), which may explain the low values of refractive index obsérved in this
study and others (Bricaud et al. 1988). Because carbon is a principle component of most cellular
solid materials, a high degree of correlation between n and intracellular carbon concentration is
expected (e.g. Stramski and Morel 1990, Morel and Ahn 1990). In the present experiments, a
strong linear relationship exists between n(660) and C; over a twofold range in C; (Fig. 7B). We
note that the variability in C; observed in this study arises principally from differences between
D-L and L-D experiments; the highest values of C; (>160 kg m-3) represent mostly L-D
transition experiments and are independent of growth rate. The smaller values of C; represent D-
L transition experiments, in which C,; decreases with increasing growth rate. The slope
parameter of the relationship presented in Fig. 7B, 1.3 <104 m3 (kg C) 1, represents the average
C-specific increment of the refractive index over the entire range of C; .

By assuming average concentrations of organic compounds and water in heterotrophic
bacteria, Morel and Ahn (1990) calculated a value of 2.33 *104 m3 (kg Cy! for the C-specific
increment of the refractive index. This value has been suggested to be applicable to several types
of microbial cells, including cyanobacteria and heterotrophic flagellates (Morel and Ahn 1991).

The results of this study and others (Stramski and Morel 1990, Stramski and Reynolds 1993,
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Stramski et al. 1995 ) suggest, however, that significant variations in the C-specific increment are
generally possible for various species grown undeér different laboratory conditions, with values

ranging from 1.3 to 2.4 «104 m3 (kg C)-1.

Specific optical properties - It is often useful to normalize the biological and optical properties
of phytoplankton to pigment content. Chl a-specific absorption, for example, is frequently used
in studies of phytoplankton growth and primary production, as well as in algorithms for
retrieving pigment concentrations from remotely-sensed spectral reflectance. It is recognized
that such specific optical coefficients can vary considerably with the physiological status of algal
cells, and thus are influenced by the ambient conditions for growth,

- Our results indicate that nitrogen limitation leads to increases in the Chl a-specific absorption
coefficient in this species. Variability in azjhl can result from the effects of "pigment packaging"
(Duysens 1956, Morel and Bricaud 1981), from changes in the abundance of accessory light
harvesting pigments relative to Chl a (Berner et al. 1989), or both. Our data suggest that both
phenomena contribute to variability in aE;hl in response to nitrogen limitation. We observed
significant increases in the Car:Chl a with decreasing growth rate, this increases apparent Chl a-
specific absorption in the spectral absorption bands of carotenoid pigments (primarily in the blue
to green regions). In addition to such compositional changes, the large reduction in cellular
pigmentation as cells become increasingly nitrogen-limited leads to increases in aaﬂ as the
package effect is reduced.

Our data agree with models of pigment packaging (e. g. Morel and Bricaud 1981) which
predict an inverse relationship between aéhl and the product Chl a; D (Fig. 8A). The largest
variability in aem is observed in the spectral regions where A<600 nm, reflecting the combined
effects of changes in pigment composition and pigment packaging. At A=673 nm, the
contribution to absorption by pigments other than Chi a can be neglected and thus changes in
a::hl (673) can be interpreted solely in regards to pigment packaging. The average value of

az;hl (673) observed at the slowest growth rate, 0.0204 m2 (m g Chl a)"1, is not statistically
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different from the commonly accepted specific absorption coefficient of 0.0202 m2 (mg Chl a)-!
for Chl a dissolved in 90% acetone at A=664 nm (Jeffrey and Humphrey 1975). If one assumes
that this value represents the maximum aém in vivo, then the most nitrogen-limited cells in our
study are essentially free from the effects of pigment packaging. Our data indicate that over a
sixfold range of nitrogen-limited growth rates for this species, pigment packaging leads to a 23%
decrease in aEhl (673). Similar results have also been reported for the marine chlorophyte
Dunaliella tertiolecta (Sosik and Mitchell 1991).

The Chl a-specific scattering coefficient, bEhl (A), varied markedly with growth rate. Our data
indicate that variations in bém result principally from the normalization of scattering to varying
cellular Chl a content, and not from changes in the magnitude of cell scattering per se. It has

' been previously observed that the scattering coefficient of a phytoplankton suspension is related
to the carbon concentration (Stramski and Morel 1990). In such cases, variability in bem should
be correlated with the cellular C:Chl a ratio. A very high correlation for this relationship was
observed in the present experiments (Fig. 9). The intercept is not significantly different from

~zero, predicting the absence of scattering without the presence of cellular carbon (solid material).

The slope parameter, 3.2 m2 (gC)-1, represents the average C-specific scattering coefficient. The

strong relationship evident here supports our previous results (Stramski and Reynolds 1993) that

a constant value of carbon-specific scattering (and attenuation) can be reasonably assumed for

this species.

- Relevance to field studies - Although laboratory studies on single species are not easily
extrapolated to explain field measurements, some generalizations can be inferred. Oligotrophic
waters are often characterized by the predominance of small phytoplankton species (Chisolm
1992). For such species the optical efficiency factors, and thus the optical cross-sections, are
very sensitive to changes in cell size and refractive index.

Large variability in phytoplankton C, over a light-dark cycle is expected because of

photosynthetic accumulation of carbon during the light period and respiratory losses of carbon at
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night. Both photosynthetic rates and respiratory rates generally increase at faster growth rates
(Geider 1992). Therefore, one might anticipate a larger diel signal in the real part of the
refractive index and scattering cross-sections in rapidly growing populations.

Decreases in intracellular pigmentation, accompanied by increases in Car:Chl a and C:Chl a
ratios, appear to be general responses of phytoplankton to limitation of growth by nutrients such
as nitrogen. Qualitatively, this response to nutrient limitation resembles acclimation to high
growth irradiance. In oligotrophic surface waters, the combination of high irradiance and low
nutrient concentrations are likely to reinforce one another. In such cases, one might expect
distinct differences between phytoplankton optical properties at the surface and the underlying
waters of the euphotic zone. This should be considered when extrapolating optical
'rheasurements from nutrient poor well-illuminated surface layers throughout the water column.

Our results suggest that phytoplankton cells in nitrogen-limited waters will be characterized
by relatively low values for the imaginary part of the refractive index and small absorption cross-
sections, near maximal values for Chl a-specific absorption, and high scattering-to-absorption
' ratios.. Changes in the Car:Chl a ratio with nitrogen limitation alter the spectral shape of
absorption (increase of the blue to red absorption ratio), which may hinder efforts to derive
pigment concentrations of surface waters from a single standard absorption curve for
phytoplankton. In addition, high b:a ratios may also have implications for remote sensing
algorithms. If one can assume that b covaries with backscattering, then nutrient-limited
phytoplankton cells may have an increased backscattering to absorption ratio as compared to
cells growing in nutrient rich waters.

Historically, variability in the optical properties of seawater associated with particles has been
interpreted as resulting from changes in particle concentration, assuming that the optical
properties of the particles themselves remain constant. It is clear, however, that physiological
responses to ambient growth conditions may lead to large variability in the optical properties of
microorganism cells. Such variability should be recognized in future models of oceanic optics

and primary production.
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Notation

A
a, b, c
Oa, Ob, Oc

Qa.Qb,Qc

m

*
aChl

»*
beni

Light wavelength in vacuo, nm

Absorption, scattering, and attenuation coefficients of suspension, m-!
Absorption, scattering, and attenuation cross-sections, m2 cell-1
Absorption, scattering, and attenuation efficiency factors, dimensionless
Complex index of refraction relative to seawater, dimensionless

Real part of the complex index of refraction, dimensionless

Imaginary part of the complex index of refraction, dimensionless
Refractive index of seawater, dimensionless

Cell diameter (ufn), projected-area (um2), and volume (um3)

Density function of size distribution, cells m-3 um-1

Intracellular concentration of chlorophyll g, kg m-3

Intracellular concentration of carotenoid pigments, kg m-3
Intracellular concentration of carbon, kg m-3

Chlorophyll a-specific absorption coefficient, m2 (mg chlorophyll g)-1
Chlorophyll a-specific scattering coefficient, m2 (mg chlorophyll g)-1

In the text, a bar is used over a symbol to indicate the quantity represents a mean value

calculated from the polydispersed population of cells.




(CYXIA (€D €€ (82 8%l (S0 981 (1e) 1L a1

(T9)8e'1 8y e (69) 56 ($°9) s6 6DzL 1a AN

(8P ot'1 (LY TT el ¢ €61 (6079 a1

(9°¢) Lot €961 Goocr 6D 1zi (€1) 95 T1-a 18°0

(S°¢) 860 oy st (€DLoz (Lg) s81 (L1 69 a1

01880 01 F6sI (€D el (L0)9s 1-a 1S°0

(SD 160 oDri (T 181 +'0) z61 (1e) 29 a1

@TD6o 91 TnvLl eoiLt (L0) s 1-d rad))

[¢-w 3Y] [c-w 3] or1el S1Woe [¢-wr 8] [gwri] 3uridures [;-p]
lrey fe N:D D A jo oung, Nl

I

"sosaqpuared ungim (1u2d12d ur) uoneuea

JO TUINOYJS03 o YiIm “31e1s APeals 18 SUIWINSLIUI Jo SKBp 9ANNIASU0D ¥ 01 £ JO ueow 9y JudsaIdas vIep SY ], "SWN[OA
[[20 12d suonenuasuos se usaId ore erep wowdid pue uogre) (q-7) uonisuen ¥rep-01-1y31] 9y 18 10 (J-(]) uomIsuen
1Y311-01-318p 9Y1 JOYID 1 pountoprad sem Surdwres yoym w siuowuadxo om) 103 pYuasad are synsar ‘are1 YPmoid

Yora 104 "sarer yimoid painsesw woiy wedtyuisur Afreonsuers are pue ‘e1paw ysaiy ylim uonnfip Jo s1el Y1 wolj
parenores arom (NH) sarer yimoss 1ou oy1oads-uafoniN “pouadoloyd y z1 e 1040 papraoid sem (uoneipes ojqe[reae
ATreonoyiuksoloyd reeos) [-S z-W [owr gpg Jo oueiperrt 1moid v D0z 1€ 2Iino SNONUTIUODIWAS PAIWI[-INenIU

Ut umold s[[ad pupuopnasd v.aisoissojoyy 105 uoneiwdwgid pue ‘uonisodwod [EIUAWID ‘GWNJOA [[20 UBS dqe],



Figure Legends

Fig. 1. Density function of size distribution for Thalassiosira pseudonana cells measured at
four nitrogen-limited growth rates. Each distribution has been normalized to the total number of
cells for ease of comparison, and represents the average of 3 to 4 consecutive days of
measurements at steady state. A. Experiments in which sampling of the culture was done at the

D-L transition. B. Experiments in which sampling was done at the L-D transition.

Fig. 2. The bulk refractive index of T, pseudonana cells at four nitrogen-limited growth rates.
Filled symbols represent D-L transition experiments, open symbols represent L-D transition
~experiments. Each data point represents the average of 3 to 4 consecutive days of sampling at
steady state. Error bars depict 1 SD of the mean and are omitted when smaller than the symbolic
representation of the data point. A. Imaginary part of refractive index at indicated light

wavelengths. B. Real part of refractive index at 660 nm.

Fig. 3. Mean cell absorption cross-sections for nitrogen-limited T. pseudonana. A. Spectral
absorption cross-sections at indicated growth rates. The bold lines represent D-L transition
experiments, whereas the light lines represent L-D transition experiments. Each spectra
represents the average of 3 to 4 days of measurements at steady state. B. Absorption cross-
sections at indicated light wavelengths as a function of nitrogen-specific growth rate. Symbols

as in Fig. 2.

Fig. 4. Asin Fig. 3, but for scattering cross-sections.

Fig. 5. Scattering-to-absorption ratios, at indicated light wavelengths, as a function of

nitrogen-specific growth rate in T. pseudonana. Symbols as in Fig. 2.




Fig. 6. Chlorophyll a-specific optical coefficients as a function of nitrogen-specific growth
rate for cultures of T. pseudonana. Symbols as in Fig. 2. A. Chl a-specific absorption at

indicated light wavelengths. B. Chl a-specific scattering at 660 nm.

Fig. 7. The real and imaginary components of the refractive index as a function of
biochemical composition for T. pseudonana. The data points represent the combined data from
all experiments, with each point depicting an individual day of sampling. The regression line in
each panel represents the least squares best-fit to the data (Model I regression), the regression
formula and squared correlation coefficient are included in each panel. A. The imaginary part of

the refractive index (at 673 nm) as a function of intracellular Chl a concentration. B. The real

part of the refractive index (at 660 nm) as a function of intracellular carbon concentration.

Fig. 8. The relationship between Chl a-specific absorption (at indicated light wavelengths)
and the product Chl a; D, where Chl aj is the intracellular concentration of Chl a and D is the

mean cell diameter.

Fig. 9. The Chl a-specific scattering coefficient (at 660 nm) as a function of the cellular

carbon to chlorophyll a ratio. Data points and results of the regression analysis are included as in

Fig. 7.
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